Abstract: This paper presents the first successful demonstration of all-optical MEMS (microelectromechanical system) fiber endoscope for OCT (optical coherence tomography) measurement. A MEMS optical scanner for spatial light modulation has been assembled in the endoscope probe head (φ 6 mm) with optical components and a photovoltaic cell. Actuation energy for the MEMS scanner is optically supplied by using a 1.5 μm light of 10 mW, and OCT probing is operated by another wavelength at 1.3 μm. Use of optical fiber for both powering and measurement makes a safe endoscope that is free from the risk of electrocution or electromagnetic interference.
Introduction
Due to the miniaturization power of MEMS (microelectromechanical systems), fiber optic endoscope has acquired higher functionalities such as three dimensional OCT (optical coherence tomography) imaging [1, 2] , dual-axis confocal microscopy of enhanced resolution [3] , and dynamic focus control [4] . Despite such advanced capabilities, power supply to MEMS still remains as usual as electrical conduction of current or voltage through the metal wires or metallic patters running in parallel with the optical fiber. In addition to this, most MEMS mechanisms in the probe head need high voltage for electromechanical operation, leading to a potential risk of electrocution or electromagnetic interference with medical electronics. From this point of view, we have proposed an optically modulated MEMS scanning endoscope by utilizing a photovoltaic cell to convert the impinging powering light into the drive voltage for a MEMS scanner [5] .
In this express letter, we report the recent progress of the work and present the OCT image of biotic tissue obtained for the first time by the all-optical MEMS fiber endoscope.
Optically powered endoscope probe
The optical endoscope developed in this work has been designed to operate in a power-over-fiber manner, where actuation energy to the MEMS scanner is supplied by the powering light traveling in the optical fiber. Another light at a different wavelength is superposed in the identical fiber and is used as a probe light for the OCT measurement [6] .
Figure 1 (a) shows the photograph of the developed probe assembly. The package dimensions are 2 cm in length and 6 mm in outer diameter. Inside the Pyrex glass tube, the optical components are assembled on a ceramic submount substrate. A single mode optical fiber on the left-hand side of the tube is butt-coupled with a GRIN lens collimator, which is mechanically inserted into the metal ferrule. A dichroic mirror is placed at a tilted angle with respect to the tube axis in order to selectively redirect the 1.55 μm wavelength onto the photovoltaic cell (available from NEC Co., Japan), by which the incoming chopped optical signal is converted into pulsed voltage to drive the MEMS scanner. The probe light of 1.3 μm wavelength is transmitted through the dichroic mirror and the subsequent focusing lens. The MEMS scanner located at the right-hand side of the tube is mounted on a 45-degree prism to redirect the probe light from the longitudinal direction to the transversal direction. Drive voltage generated by the photovoltaic cell is supplied to the MEMS through the electrical interconnect patterns on the sub-mount substrate. Upon the mechanical resonance of the MEMS scanner, the probe light is swept over the sample placed on the glass tube surface to alter the measurement spot. The back-scattered light from the sample is transferred backward through the identical optical system, and optically processed by the OCT measurement equipment (not shown in Figure) to reconstruct the cross-sectional image of the sample under test.
The MEMS optical scanner for the OCT probe head has been designed to be small enough to fit the tube's inner diameter of 5 mm. After due consideration of the actuation mechanisms including electro-thermal and electromagnetism, we have chosen the electrostatic operation from an operation power point of view. Low power consumption is a common nature of most electrostatic actuators operated in a low frequency range; in our case, power consumption would be 0.1 mW or less due to the small value of the actuator's capacitance (a few hundred pico Farads maximum) including stray capacitance under charge/discharge cycles of 10 V at a frequency of no greater than 1 kHz. Figure 1 (b) shows the SEM (scanning electron microscope) image of the developed MEMS optical scanner. The dimensions are 2 mm x 3 mm for the chip size, and 1.5 mm x 1.5 mm for the effective area of the mirror. The mirror is suspended with a pair of thin silicon beams of 2 μm wide and 240 μm long. The edges of the mirror plate are equipped with the vertical comb-drive electrodes of 8 μm wide and 150 μm long. All the suspended structures are made in the active layer of an SOI (silicon on insulator) wafer, and thus the thickness is uniformly 30 μm. There is a through-hole in the bottom substrate to make a room to accommodate the scanner's out-of-plane motion. Detail micromachining process has been published elsewhere [7] .
Demonstration of optical actuation
Proof-of-concept level optical actuation has been confirmed by using the developed endoscope probe assembly. Figure 2 (a) shows the waveform of the powering light of 10 mW at 1.55 μm wavelength, which was intensity modulated by using an optical attenuator at 434 Hz. Figure 2 As a result, the MEMS scanner responded at its own resonant frequency of 217 Hz, as shown in Figure 2 (c). The response frequency was half the excitation frequency due to the vertical comb-electrodes that produced electrostatic attractive torque two times within a cycle of mechanical oscillation. Mechanical scan angle of 5.7 degrees was used to scan the 45-degree incident light in an optical peak-to-peak angle of 8.1 degrees. Considering the distance from the mirror to the sample (3 mm), the effective scan length on the sample was calculated to be 0.42 mm.
image of the finger print. Thumb skin shown in Figure 3 (a) was pressed onto the glass tube of the endoscope, and the OCT cross-sectional image was obtained as shown in Figure 3 (b) . Judging from the image contrast, the first 0.3 mm from the skin surface is thought to the cuticle layer, and the subsequent 0.8 mm is epidermis, followed by the dermis structure. Due to the excessively fast scan rate of the MEMS, the lateral direction was oversampled twice, and hence the OCT image contains double-folded artifacts; the actual scan range is shown by the rectangular box (lateral 0.42 mm). In addition to this, the images near the end of view field are shown stretched due to the decrease in scan speed. Considering these two effects, the image has been calibrated as shown in Figure 3 (c) ; the whitish structure shown in the circle is thought to be a sweat gland, which is typically 60∼80 μm in diameter.
The calibrated image of 0.42 mm in the lateral direction contains 40 pixels, and thus the pixel resolution was approximately 10 μm. However, the theoretical spot size of the probe light was as large as 18 μm on the glass surface, which had lead to the burred OCT image. The quality of image can be improved by (1) extending the scan range of the MEMS scanner, (2) lowering the resonant frequency of the scanner, and/or (3) by enhancing the image resolution using the computer controlled progressive scan, which will be reported elsewhere.
Conclusion
An all-optically controlled fiber optic endoscope has been demonstrated for the first time to take OCT images of biotic samples. A MEMS electrostatic optical scanner has been newly developed as a spatial light modulator, and assembled into a glass tube of 6 mm in outer diameter along with other optical components. We have diverted the wavelength division multiplexing technique to supply actuation power by a 10 mW light of 1.5 μm wavelength and to transfer the OCT signals imprinted on another light of 1.3 μm wavelength. The all-optical method presented in this letter has been originally developed for the remote control of general MEMS; various applications such as distributed fiber sensors for instance are expected to revolve based upon the all-optical power-over-fiber type control system.
